Introduction
A clear understanding of the dissolution behaviour of carbonaceous materials into molten Fe-C alloys and of reactions taking place across the carbon/melt interface is of fundamental importance in a number of iron making processes. [1] [2] [3] [4] In the blast furnace ironmaking, the carburisation of iron is a major reaction; the melting of reduced iron in a coke packed bed occurs at the contacting points between coke and reduced iron. At high temperatures, molten iron is initially produced through the carburisation process because the melting temperature of iron decreases through carbon pickup. Subsequent production of molten carbon-rich iron occurs through both carburisation of solid iron and carbon dissolution into liquid iron. Coke is an expensive raw material used in the blast furnace; coke making is also one of the largest sources of green house/noxious gas emissions in the steel industry. 5) A reduction in coke consumption will be an important step towards reducing green house gas emissions and improving the environmental outcomes in the steelmaking industry.
The reduction of iron ore and the carburisation of reduced iron at high temperatures are the two key processes in blast furnace ironmaking that consume the highest amounts of energy. 6) If lower blast furnace operating temperatures are to be achieved for higher process efficiency, carburisation of the iron by coke needs to be rapid to allow iron to remain in a molten form. For cokes to carburise iron more rapidly at lower temperatures, fundamental knowledge of coke properties and their influence on coke interactions with molten iron is required. While there have been some studies on the dissolution behaviour of cokes and coal, 7, 8) most of the investigations have focussed their attention on the dissolution behaviour of graphite. [9] [10] [11] These studies, both experimental and theoretical, have provided a great deal of information about the reaction kinetics and various factors affecting the graphite dissolution rate and have generally concluded that the dissolution of graphite is governed by mass transfer in the melt. This implies that the reactions at the interface are much faster than mass transfer and therefore do not control the dissolution kinetics. This, however, may not be the case for less ordered materials like cokes and coals and interfacial reactions can play an increasingly important role in their dissolution. An understanding of reaction mechanisms and key processes occurring at the carbon/melt interface is therefore of crucial importance.
Factors affecting the carburisation rates of coke are not ). The sessile drop technique was used to investigate carbon dissolution from coke into molten iron (1 450°C, 1 550°C) and the nature of interfacial products formed. Examination of the underside of the iron droplets showed the iron/coke interface was markedly different in appearance and composition between the two cokes. The interfacial product formed with coke 2 had a mesh like structure that seemed to wet the iron droplet much better than the interfacial product formed with coke 1. In contrast, Fe globules and discrete interfacial products were observed in coke 1. Interfacial products containing calcium sulfide (CaS) and manganese sulfide (MnS), were observed for both cokes. The presence of MnS could reduce the overall viscosity of the interfacial layer as it's known to lower the liquidus temperature. Electron dispersive X-ray analyses of coke 1 identified iron to be in close association with sulfur. These Fe/S species have atomic ratio similar to pyrrhotite (Fe 1Ϫx S) or troilite (FeS). Pyrrhotite in coke can decompose to release gaseous sulfur and metallic iron, which can be carburised to form Fe-C particles. Carburisation of liquid iron can thus occur via Fe-C particles. These factors can have a significant influence on the kinetics of carbon dissolution.
KEY WORDS: carbon dissolution; metallurgical coke; mineral matter; interfacial phenomena. yet fully understood, particularly at lower temperatures. Recently, Cham et al. 12, 13) found that the rate of carburisation varied by over an order of magnitude for different cokes. The influence of mineral matter was identified as a key parameter for this variation; however a detailed mechanism could not be established. Two cokes, labelled here as coke 1 (Kϭ14.7ϫ10 Ϫ3 s
Ϫ1
) and 2 (Kϭ1.1ϫ10 Ϫ3 s
) whose carburisation rate 'K' at 1 550°C differed by an order of magnitude, were selected for an in-depth investigation. In this article, we present our results on a detailed investigation on the interfacial phenomena across coke/molten iron boundary region with specific focus on the role played by mineral matter in the carburisation rate of these two cokes.
Experimental

Material Characterisation
Cokes 1 and 2 were prepared from coals of similar rank, with comparable ash yields and crystallite heights (L c ϭ 1.6 nm for both cokes); these cokes however had significant differences in their bulk ash chemistry. Their key characteristics are detailed in Tables 1 and 2 ; ash content has been reported as various impurity oxides. Ash is the residue remaining after burning the coke and may however differ in composition from the inorganic constituents present in the original coke. Incineration causes an expulsion of all water, the loss of carbon dioxide from carbonates, the conversion of iron pyrites into ferric oxide, and other chemical reactions. Further analysis of the inorganic matter in cokes was carried out using low temperature ashing (LTA). 14) This process carries out the oxidation of organic matter in a radio-frequency excited oxygen plasma asher resulting in minimal alteration of mineral phases. The maximum temperature attained was ϳ120-150°C.
The LTA samples were ground in an agate mortar and pestle and were then packed into an aluminium sample holder. Samples were analysed using a Philips 1050 goniometer operated at 45 kV, 30 mA using Co Ka radiation in conjunction with a graphite monochromator and divergence and receiving slits of 1°and 0.02 mm respectively. All XRD traces were run in step-scan mode at 0.04°step intervals with a 10 s counting time per step over an angular range of 3°to 90°. Peak identification was performed using Bruker Eva search/match software. Quantitative X-ray diffraction analysis was performed using SIROQUANT TM , a quantitative X-ray diffraction analysis software package that uses Rietveld procedures to generate a synthetic pattern which is then matched to the experimental data using a least squares minimisation fitting procedure. 15) A summary of these results are presented in Table 3 .
Carbon Dissolution Studies
The sessile drop technique was used to study the interfacial products formed from the reactions between solid coke and liquid iron. 16) This approach allowed the formation of the interfacial layer that adhered to the underside of the iron droplet to be observed. The substrate was made by pressing approximately 1.5 g of powdered coke, with particle sizes less than 106 mm, to a pressure of 8 MPa in a cylindrical die. The radius of the coke substrate was 10 mm. Binders were not used to avoid contamination. The experiments were conducted under argon gas (Arϭ99.99 %, flow rate of 0.7 L min Ϫ1 ) in a horizontal tube furnace (Fig. 1) . The iron drops weighed ϳ0.3 g to allow maximum interfacial contact area between the coke substrate and iron. Care was taken to avoid cracking of the coke pellet during handling. Carbon dissolution experiments were conducted at 1 450°C and 1 550°C. Metal composition used in this study was: Fe (97.79 %), C (2 %), S (0.01 %), Mn (0.2 %).
Once the assembly was pushed into the hot zone, a CCD camera monitored the droplets; the melting of iron marked the beginning of the reaction time. The samples were quenched by withdrawing the assembly into the cold zone of the furnace after fixed times in the hot zone (tϭ1/2, 5, 10, 30, 60 and 120 min). The underside of the metal droplets were examined using field emission scanning electron microscopy (FESEM) and analysed using energy dis- Table 1 . Proximate analysis of metallurgical cokes (wt%). Table 2 . Ash analysis (wt%). Table 3 . LTA analysis of mineral phases present in un-reacted cokes (wt%).
persive X-ray spectroscopy (EDS). Further interfacial experiments were also conducted on lump coke 1, to further confirm the nature of the interfacial product formed with electron probe micro-analyser (EPMA).
Results and Discussion
Interfacial Products for Cokes 1 and 2
The interfacial layer formed due to the reaction between coke and molten iron was examined in detail to elucidate the influence of mineral matter on the carburisation rate of two cokes. FESEM images and EDS spectra for cokes 1 and 2 are shown in Fig. 2 and Fig. 3 respectively. The images are of the interfacial region on the underside portion of the iron droplet quenched at 1 550°C at various reaction times. The accompanying EDS spectrum is for the entire image. It can be seen in Fig. 2 that the morphology and chemical composition of the interfacial product changed over the reaction period. In general, there was a slight increase in S and Ca contents and a decrease in Al and Mn contents at the interface. After 30 min of contact with coke 1, the interfacial product consisted of Fe globules and a Ca/S complex. After 120 min of contact the interfacial product had a network or mesh like structure and predominantly consisted of a Ca/S complex. The corresponding results for coke 2 are shown in Fig. 3 . The morphology of the interfacial products after 10 min of reaction with coke 2 is quite different to that of coke 1. In general there was an increase in S and Ca content and a decrease in Al content at the interface. The presence of Mn was observed after 10 min (much later than in coke 1), but disappeared after 120 min of contact. From 10 min through to 120 min of contact the interfacial product mainly consisted of a Ca/S complex. The morphology of the interfacial product after 10 min of contact with coke 2 had a network or mesh-like structure, which prevailed through to 120 min of contact.
The interfacial products for cokes 1 and 2 were initially different both in morphology and chemical composition. In the initial stages of interaction coke 1 contained more S and Mn at the interface than coke 2. However, after 120 min of contact the interfacial products observed were quite similar. A comparison of the interfacial product formed at 30 min from coke 1 and 2 highlights the initial difference (Fig. 4) . The interfacial product formed with coke 2 had a network or mesh like structure that seemed to wet the iron droplet much more effectively than the interfacial product formed with coke 1. The slow carbon dissolution rate observed for coke 2 could be caused to some extent by this mesh like structure, which would block liquid iron from coming into contact with carbon. The interfacial product formed with coke 1 lacked the mesh or network like structure after 30 min of reaction. Instead, there were Fe globules and discrete interfacial products, which would allow liquid iron to freely come into contact with carbon.
The interfacial products of the two cokes differed not only in their morphology but also in their chemical composition although in both cases the interfacial product was composed primarily of a Ca/S complex. Microprobe analysis of a cross section of a metal droplet after reaction with a lump of coke (Coke 1) shows that the Ca/S complex at the interface was in fact calcium sulfide (CaS). Figure 5 illustrates that the Ca/S species have atomic ratio similar to CaS. The presence of Mn was also observed at the coke/ iron interface for both cokes. However, Mn was detected much earlier with coke 1 than with coke 2 as shown in the EDS spectra of Fig. 2 and Fig. 3 . The source of Mn was from the iron droplet and both Ca and S originated from the coke inorganic matter. The presence of Mn at the interface was also observed by Wu and Sahajwalla 17) in their study on the influence of melt carbon and sulfur on carbon dissolution.
Thermodynamic calculations were conducted using FactSage 18) to determine the likelihood of the formation of CaS and MnS. Under these experimental conditions it was found In coke 1, CaO was the limiting reactant, that is to say, there was an excess of S. A possible explanation for the formation of MnS is that once all the Ca (from CaO) reacts with S, any excess S will then be available to react with Mn. However in coke 2, both CaO and S were present in similar quantities and therefore no excess S would be available to react with Mn. Sulphur pick-up by molten iron from two the cokes is shown in Fig. 6 . In the first 5 min of liquid iron/solid coke contact, the presence of a Mn peak was observed only for coke 1 and not in the case of coke 2 (Figs. 2  and 3 ). Coke 2 contained more CaO and less S than coke 1, thus very little excess S (if any) would be available to react with Mn. Mn may play an important role in surface chemistry because MnS is known to lower the liquidus temperature of the interfacial product. This suggests that an interfacial product that contains less MnS species may have a higher liquidus temperature, which in turn can affect the overall viscosity of the interfacial layer.
The iron/coke interface at a lower temperature of 1 450°C for both cokes are shown in Fig. 7 and Fig. 8 respectively; these superficially appear to be similar to those observed at the higher temperature of 1 550°C. However, the interfacial product formed from coke 1 at 1 450°C had a mesh like structure similar to the interfacial product formed from coke 2 at 1 550°C. This result indicates that the interfacial product formed from coke 1 at 1 450°C was not as fluid as the interfacial product formed at 1 550°C. Although the presence of MnS can lower the melting point in a CaS-MnS system, however its melting point is higher than 1 450°C in the entire composition range and therefore CaS/MnS interfacial product is likely to remain solid at 1 450°C. 19) If the interfacial product is more viscous, then the carbon transfer across the interfacial layer would be hindered.
Estimation of Solid/Liquid Components of the Interfacial Product
To estimate the solid/liquid proportion of the interfacial product for cokes 1 and 2 the thermodynamic equilibrium modelling program FactSage was used, 18) calculations were carried out assuming an ideal slag model. Following assumptions were made:
• Fe 2 O 3 was not included in the calculations since it generally gets reduced under the reaction conditions used; it was assumed to separate out from the inorganic matter and played no role in determining the properties of the slag; • Although SiO 2 can be reduced it was included in the calculations as its reduction is much slower under these conditions 20) ;
• All slag-forming minerals except sulfur are in their oxide forms (as per the bulk ash chemistry) and the interfacial product is homogenous; and • Carbon was in the form of graphite. The calculated solid/ liquid fractions of interfacial products for both cokes 1 and 2 have been listed in Table 4 . The differences in melting temperature and viscosity of the interfacial product can be explained to some extent the observed differences in carbon dissolution rate between coke 1 and 2. It can be seen that at 1 550°C most of interfacial product for coke 1 was in a molten state which could be easily removed and thereby expose more area for carbon dissolution. Similar behaviour was observed at 1 450°C. The ash composition of coke 1 ( Table 2) indicates very high iron oxide levels. The ash fusion temperature, which was experimentally determined, for coke 1 (1 340°C) was lower than the corresponding value for coke 2 (1 560°C). Therefore, the resultant film of ash in coke 1 would be liquid at 1 550°C and can be removed from the coke surface exposing a fresh carbon layer for contact with molten iron.
Major solid phase constituents for both cokes have been listed in Tables 5 and 6 . These results show that a major constituent of the solid phase for both cokes was mullite (Al 6 Si 2 O 13 ). Coke 2 however contained approximately seven times more mullite than coke 1 at 1 550°C and about four times more at 1 450°C. Higher percentage of mullite in the solid phase for coke 2 is expected to increase the melting temperature and contribute significantly to the viscosity of the interfacial product formed between coke 2 and molten iron. In addition, there is a large difference in sulfur content between the two cokes. Coke 1 has an order of magnitude more sulfur than coke 2. The fact that coke 1 has more sulfur in its interfacial product further supports that more sulfur was available in coke 1 than in coke 2 to react with calcium and manganese. The differences observed in the interfacial products between coke 1 and 2 could be responsible for significant differences observed in their carbon dissolution rates. The differences in chemical composition may affect the viscosity and structural properties of the interfacial product. The network or mesh-like interfacial product formed with coke 2 could act as a physical barrier and thereby limit the contact area for carbon dissolution. This barrier can also inhibit carbon and sulfur transfer and other interfacial reactions from occurring. For coke 1 on the other hand, molten Fe globules and discrete interfacial products are less likely to hinder solid carbon and molten iron contact for further carbon dissolution and transfer of carbon and sulfur.
Chemical Reactions
During carbon dissolution, inorganic impurities present in coke can provide reactants for a number of chemical reactions at the coke/iron interface, within the coke and in the bulk liquid iron. These reactions may also have an influence on rate of carbon dissolution through chemical reactions with dissolved C and/or through changes in the liquid and inorganic matter composition. Under the experimental conditions used in this study, any iron oxide present in coke would be readily reduced. It can undergo reduction by dissolved carbon in molten iron and therefore reduce net carbon accumulation in the bath. It can also be converted into metallic iron via in-situ reduction. Therefore, it would be quite unlikely under these conditions for iron oxide to be a fluxing agent. Moreover, this shows that a traditional determination of ash fusion temperature may not provide a good indicator of the fusion temperature of the slag, if the ash contains significant levels of iron oxide.
Results from Ohno et al. 21, 22) suggest that with higher iron oxide concentrations, more Fe-C particles can be formed and these can travel through the slag phase to carburise the bulk liquid. In this study, coke 1 contained greater proportions of iron oxide and also had a faster carbon dissolution rate. Through the above mechanism, iron oxide content can be an important factor that can affect carbon dissolution rates. Low temperature ash (LTA) analysis (see Table 3 ) however showed that there were other iron mineral phases present in coke 1 and that iron oxide made up only a small percentage of these iron mineral phases. It is quite likely that the behaviour of these iron minerals may be quite different to that of iron oxide. Sulfate minerals present in the ash produced from coke 1 ( Table 3 ) are most likely formed by the oxidation of sulfide minerals during the ashing process and/or through the reaction of organic sulfur in the coke released during ashing.
Electron dispersive X-ray analysis of un-reacted coke 1 identified iron to be in close association with sulfur (Fig.  9) . These Fe/S species have an atomic ratio similar to pyrrhotite (Fe 1Ϫx S) or troilite (FeS). There was very little evidence of oxygen coupled with iron in coke 1. There was no evidence for the simultaneous presence of both sulfur and oxygen in a close proximity of iron, ruling out the presence of iron sulfate minerals in the coke. Coke 2 in comparison appeared to have more iron oxides and less iron sulfides ( Fig. 10) and did not show any evidence of sulfates in the LTA (Table 3 ). This suggests that the reaction of oxides with organic sulphur was strongly inhibited in coke 2.
A critical comparison of the interfacial properties of the two cokes has identified a number of factors that could be responsible for the observed differences in dissolution rate for the two cokes. Factsage calculations have shown that, even in the absence of iron oxide, the amount of fluid material in the average slag is greater in coke 1 than 2; which would tend to increase its bulk fluidity. The interface between the iron droplet and the coke was markedly different in appearance and composition; the interface formed from coke 1 had a much greater exposed surface. The interface Table 5 . Major constituents present in the solid phase of coke 1. Table 6 . Major constituents present in the solid phase of coke 2. appeared to be rich in Ca/Mn sulphide; a high concentration of Mn would reduce ash softening temperature. The consumption of coke by the iron droplet implies the carburisation by the direct contact between iron and coke; a dominant mechanism of carburisation is therefore attributed to the direct contact between iron and coke. Additionally, Coke 1 was richer in iron sulfides in the bulk coke than coke 2. This could introduce additional sulfur to the interface as the iron in the coke gets converted to metallic iron and is carburised. However, since iron oxide is readily reduced under these conditions, iron sulfide itself is unlikely to accelerate carburisation rates. However, carburisation of the iron melt via iron sulfides could proceed in a mechanism analogous to the one proposed by Ohno et al. 21, 22) That is to say the metallic iron (released as a result of pyrrhotite decomposition) can be carburised by carbon in the surrounding area to form Fe-C particles. Then, the molten Fe-C particles could be carried from the interfacial product/carbon interface to the interfacial product/iron interface. The molten Fe-C particles wet the interfacial product/iron interface immediately and carburise the iron bath. A schematic diagram of this is illustrated in Fig. 11 . The Fe globules observed at the coke 1/iron interface provide further support for this proposed mechanism. The hypothesis here is that carbon-rich iron is transferred to the iron via a bulk mechanism rather than through direct dissolution. Hence, the presence of pyrrhotite is an important factor in influencing carbon dissolution rates.
Summary and Conclusions
The interfacial properties of two cokes which have very different carburisation rates were observed to have significant differences in mineral composition and profile. The interface formed from coke 1 had a much greater exposed coke surface and appeared to predominantly consist of a Ca/Mn sulphide. Higher concentrations of Mn will tend to reduce the softening temperature of ash deposits. Factsage calculations showed that the amount of fluid material present in the average slag was greater in coke 1 than in 2; which would tend to increase its bulk fluidity. The interface in coke 1 was richer in iron droplets than coke 2; this suggests a bulk transfer of iron may be occurring mediated by the greater iron sulfide present in coke 1. If so, it would indicate that pyrrhotite levels in the coke are important in determining coke dissolution rates. A number of factors have been identified which either in isolation or in combination can have a significant influence on carbon dissolution. Our results have shown that fine details of mineral matter can play an important role and influence the kinetics of carbon dissolution from metallurgical cokes. 
